Arginine (L-arginine ureohydrolase, EC 3. 5. 3.1) is the first enzyme of arginine catabolism in Neurospora (3) . One product of this reaction, ornithine, is transformed to glutamic-7-semialdehyde (GSA) by ornithine-5-transaminase (OTA; L-ornithine: 2-oxoacid aminotransferase, EC 2.6.1.13). Much of the semialdehyde is probably oxidized to glutamic acid thereafter (6) , though it can also be used in proline synthesis. The other product of arginase, urea, is degraded to ammonia and carbon dioxide by urease. Mutations imposing on OTA deficiency [at the ota locus (7) ], or a urease deficiency [at the ure-l and ure-2 loci (10)] have been isolated. A diagram of the arginine and proline pathways showing these and other mutational blocks relevant to this paper is given in Fig. 1 .
The physiology and genetics of arginaseless (aga) mutants of Neurospora is reported here, together with evidence for a role of arginase in polyamine metabolism under certain conditions. Our rationale for mutant selection was based on the fact that arginine catabolism can provide GSA in proline mutants (e.g., arg-8) blocked in the synthesis of GSA (17) . In the double mutant arg-S, arg-8, the endogenous synthesis of ornithine and GSA are both blocked. The arginine and proline requirements can both be met with exogenous arginine. We selected derivatives of the arg-S, arg-8 strain unable to grow on arginine as the sole supplement, but able to grow on arginine + proline or on ornithine alone. Among such derivatives were arginaseless strains.
MATERIALS AND METHODS
Stocks. All N. crassa stocks came from the senior author's collection or from the Fungal Genetics Stock Center at Dartmouth College. Those Critical tests of citrulline as a precurrsor of ornithine required the use of filter-sterilized citrulline. Citrulline in Vogel's medium gives rise to omithine during autoclaving.
Mutant selection. An isolate of the arg-5, arg-8 strain was chosen which gave over 90% conidial germination on nitrate minimal medium supplemented with 500 ug of L-arginine* HCl per ml ("selection medium"). Erlenmeyer flasks of selection medium were inoculated with conidia which had been grown on Vogel's medium and treated with ultraviolet light to about 5% survival. The conidia were kept in suspension by shaking, and germinated conidia were removed by filtration every 6 hr (21) . After Davis (6) . Urea, which accumulates wholly in the medium, was isolated according to Watts et al. (20) . The Dowex-SOW columns used were those of Davis (6), except they were in the H+ form. Recovery was 90% and values given in the Results section are corrected for loss. Urea was determined by the Koritz-Cohen method (11), with unlimiting Cl-ion added to intensify and normalize color values (4).
RESULTS
Selection and genetics of aga mutants. From the arginine-requiring arg-S, arg-8 strain, four derivatives with requirements for both arginine and proline were selected. They grew well on ornithine alone, but further tests revealed a pronounced sensitivity to arginine when ornithine was not also present. All four strains lacked arginase. The original derivatives were noncomplementing with respect to growth on arginine. All were outcrossed to wild type. Analysis of tetrads and random spores showed that both the arginase deficiency and the sensitivity to arginine in the four strains were due to a single mutation, separable from arg-S and arg-8. The four arginaseless mutants recovered from the outcrosses were prototrophic. When intercrossed, the single mutants showed no recombination with one another, as inferred from the absence of arginine-resistant progeny among 16,000 ascospores in each cross. The locus defined by the four mutations was designated aga, and the four alleles were given the numbers UM-903, UM-906, UM-908, and UM-913. Crosses of a strain carrying UM-906 to various marker strains led to localization of aga on linkage group VII. A three-point cross involving aga and flanking markers is shown in Table  1 . Aga lies between thre-J and arg-10, near thre-1, on linkage group VIIR. It is thus unlinked to ota, on linkage group IIIR (7) .
The data show that the arginaseless phenotype is a single-gene character. Whether aga is a structural locus cannot be decided with these data. The presence of normal OTA in the aga mutant (see below) shows that aga is not a pleiotropic gene regulating arginine catabolism. Enzyme activities and pool determinations. Table 2 summarizes activities of OTA and arginase, and pools of ornithine and arginine, found in steady-state, exponential cultures of four strains: wild type 74A; aga; arg-S; and the double mutant, arg-5, aga. The four strains are related by three or four generations of inbreeding to 74A. The major points to be made with the data in Table 2 are the following. (i) The aga mutation eliminates arginase activity in all conditions tested. Putrescine, moreover, does not restore arginase activity. (ii) OTA activity is induced by arginine even in the absence of detectable ornithine. The data suggest that arginine is better than ornithine as an inducer of OTA activity. (iii) Two pieces of evidence suggest that the ornithine pool of arginine-grown strains is derived entirely from catabolism, and that the biosynthesis of ornithine is feedback-inhibited. First, the ornithine pools of arginine-grown wild-type and arg-5 strains are the same, despite the block in ornithine synthesis in arg-S. Second, aga strains, unable to catabolize arginine, lack ornithine entirely when grown on arginine. (iv) The arginine pools of ornithine-grown mycelia are abnormally low. This cannot reflect arginase activation by ornithine, since it happens in aga strains. Another interpretation is based on the fact that exogenous ornithine is a poor source of arginine (1, 6) . If, in addition to being a poor precursor, exogenous ornithine inhibited the synthesis of the normal precursor (i.e., endogenous ornithine), an ornithine-grown mycelium would have a low arginine pool. This interpretation requires more evidence before it can be accepted.
Ornithine transcarbamylase activity of wild type is not diminished by the addition of arginine; in fact, a 50% increase is usually seen. The same is true of the aga strain, whether or not putrescine is present.
Effect of aga on arginine consumption. It may be asked whether arginase is the only significant route of arginine consumption, aside from protein synthesis. Experiments shown in Table 3 suggest that it is. In two arg-5, aga strains, all arginine consumed from the medium can be accounted for by argiine in the soluble pool and in protein. An arg-5 strain, in contrast, has catabolized more arginine than it contains at the time it reaches a concentration of 1 mg (dry weight) per ml. The arg-5, ure-J strain, grown exponentially almost until the arginine pool is gone, accumulates urea equal to the arginine lost from the culture. This is consistent with the 1:1 and 0.7 mg/ml (arg-5, aga Rl), between 0.8 and 1.7 mg/ml (arg-5 aga R2), and between 0.5 and 1.02 mg/ml (arg-S b3 RI). In all three cases, arginine remained in the medium, and figures were normalized to 1.0 mg (dry weight) per ml. The figures for arg-5, ure-l RI were based on the terminal harvest, after all arginine had been consumed from the medium and the pool had been depleted [34 nmoles per mg (dry weight), as opposed to 171 nmoles per mg for arg-5 b3 RI]. Only urea was measured in aga, ure-1; the amount of urea found was constant during growth on arginine, and the same on minimal and arginine-supplemented medium. Arginine Fig.  1 . A Neurospora strain carrying aga would be unable to make ornithine from arginine. Feedback inhibition of the biosynthetic source of ornithine in arginine-grown aga (Table 2) , therefore, might lead to a severe putrescine deficiency and an impairment of growth. This "ornithine-starvation" hypothesis would account for the arginine sensitivity of aga strains. The hypothesis is suggested by recent work of Hirschfield et al. (8) and Morris and Jorstad (14) on arginine inhibition of Escherichia coli strains having only the ornithine decarboxylase route of putrescine synthesis.
The ability of putrescine to reverse arginine inhibition of an aga strain is illustrated in Fig.  2a . Figure 2b shows the relation of putrescine concentration in the medium to the doubling time of aga grown in 1 mm arginine. Spermidine (0.5 mM) also fully reverses the inhibitory effect of arginine on aga strains.
An alternate explanation of arginine sensitivity is that a high arginine pool ( lysine, was added with arginine. Only at the highest concentration was it effective in reversing the effect of arginine (Fig. 2b) . The arginine pools of strains grown in 1 mm arginine and either 0.5 mM lysine or 0.5 mm putrescine were almost identical (297 and 283 nmoles per mg, respectively), and only about 14% less than in strains grown on arginine alone (340 nmoles per mg). Because 0.5 mm putrescine has almost maximal effect, and 0.5 mm lysine none, arginine inhibition is not related directly to arginine pool size.
Neither ornithine nor filter-sterilized citrulline is inhibitory to exponential cultures of the aga strain. Both, in fact, reverse the effect of arginine. The effect of ornithine is simply understood. The effect of citrulline is consistent with the ornithine starvation hypothesis, however, only when citrulline serves as a precursor of ornithine. This prediction was verified by experiments with the arg-12, aga strain. This strain lacks ornithine transcarbamylase, and cannot phosphorylyze citrulline in a reversal of the biosynthetic reaction. In this strain, citrulline not only fails to reverse arginine inhibition, but is itself inhibitory. Inhibition is exerted, presumably, by the arginine to which citrulline gives rise. Putrescine and ornithine each overcome inhibition of arg-12, aga by citrulline.
Recent, preliminary determinations of polyamines by David Morris, in collaboration with the senior author, show that arginine-grown aga strains are deficient in spermidine. Such mycelia have less than one-tenth the spermidine found in arginine-grown wild-type strains, or in minimalgrown cultures of the aga or wild-type strains.
The remaining question is why aga strains grow at all in the presence of 1 mm arginine (Fig.  2a) . One hypothesis is that ornithine can be synthesized because feedback inhibition of the normal biosynthetic route is incomplete; because the OTA reaction is reversible in vivo; or because the arginine synthetic pathway can be reversed between arginine and ornithine. Although a strain carrying aga as well as mutations simultaneously blocking all the steps listed is not available, strains of the genotypes arg-5, ota, aga, and arg-5, arg-12, aga both grow at about the rate of aga in arginine-supplemented medium. The growth of the arg-5, ota, aga strain is shown in Fig. 2a . Because the arg-5, the ota, and the arg-12 mutations do not accentuate arginine-inhibition of aga, the enzymes affected by these mutations (see Fig. 1 ) are probably not significant in the slow growth of aga on arginine.
A second hypothesis is that an absolute putrescine requirement is manifest only after prolonged growth. Exponential cultures, because they are heavily inoculated, can increase only by a factor of 60 in mass (0.025 to 1.5 mg per ml) before mycelial clumping makes harvesting inaccurate. This may not be enough to exhaust limited polyamines in the inoculum. Stationary cultures, lightly inoculated with conidia, were therefore set up. Growth of arg-5, ota, aga was compared on ornithine, arginine, and arginine + putrescine. Arg-5, grown on arginine, served as another control. The arginine-grown triple mutant was clearly limited by its putrescine deficiency (Fig.  3) , but it continued its slow growth to an estimated 104-fold the weight of the inoculum. These data suggest that putrescine can be formed very slowly by the triple mutant, or that putrescine is not absolutely necessary.
Hyphae from putrescine-starved, exponential cultures are short, contorted, and swollen to about twofold the normal diameter. Longer hyphae have a peculiar tendency to clump.
DISCUSSION
The present work shows that arginase activity of aga strains is undetectable in both extracts and in vivo. Arginase appears to be the only major route of arginine consumption, other than protein synthesis, in Neurospora. The aga mutations, on linkage group VIIR, probably represent the structural gene for arginase. Proof of this will require the isolation of allelic mutants with structurally altered enzyme. A search for such variants is under way among revertants of aga.
The lack of linkage between aga and ota argues strongly against the idea that an operon presides over arginine catabolism in this organism.
[Urease, it should be noted, is as important to purine degradation as it is to arginine catabolism. Two genes controlling urease lie on linkage group V (10)]. Aga mutants do not affect OTA activity or its induction, and, as reported previously (7), ota mutations on linkage group IIIR do not affect arginase activity. Both enzymes probably respond independently to arginine, possibly through a common regulatory system. This appears to be the case in Aspergillus nidulans (15) and in Saccharomyces cerevisiae (13) , because certain one-gene mutations affect the synthesis of both enzymes simultaneously. Morgan has independently isolated aga mutants of Neurospora, according to a preliminary report (Neurospora Newsletter no. 14: p. [5] [6] 1969 ). Although they have not been mapped genetically, they behave similarly to those reported here. Arginase-deficient mutants of the yeast, S. cerevisiae, have been isolated by Messenguy and Wiame (13) . In this organism, arginase appears to regulate OTC activity by binding it directly under certain conditions. Whether Neurospora arginase has this role is not known. The binding interaction of arginase and OTC is not universal, however, even among yeasts (13) .
The catabolic and biosynthetic pathways share ornithine as an intermediate. Previous evidence suggests that biosynthetic ornithine is sequestered spatially from catabolism (6) . In contrast, exogenous ornithine, although easily catabolized, has poor access to biosynthetic enzymes (6) . The latter may also be true of ornithine from the arginase reaction. Further experiments, to be published elsewhere, show that the OTA reaction comes into play quickly upon the addition of arginine. This leads to a drain on the ornithine pool simultaneous with the onset of feedback inhibition. The ornithine level thus decreases markedly, as seen in Table 2 . A determination of the spatial and kinetic factors governing the fate of ornithine in the two metabolic sequences is in progress.
Arginine inhibits aga strains by feedbackinhibiting the synthesis of ornithine, a putrescine precursor. Feedback inhibition, in fact, appears to be as effective as a genetic block in ornithine synthesis, since aga and arg-S, aga strains grow at the same slow rate on arginine. The experiments show that putrescine is an essential factor for normal growth of Neurospora, and that orni-
